Abstract
the surface of a live ciliate is an experimentally challenging task, we anticipate value in the prospect of large 23 scale transfer of volumes of micro-particles via controlled intake of the particle by ciliates, movement of the 24 ciliates with particle, and programmable release of the particles.
25
Previously we proposed and studied in experimental laboratory conditions transfer of substances with 26 slime mould [27] , where the slime mould was stimulated to intake food colouring and propagate along the 27 route determined by spatial configurations of sources of attractants and repellents. We a adopt similar 28 strategy in our experiments with P. caudatum with the following objectives: 29 1. Collection of micro-scale objects from specific locations by the organisms via internalisation and in-30 tracellular carriage, ideally with some form of discrimination between objects. and night cycle but were kept out of direct sunlight. Organisms were harvested in log growth phase by 48 centrifugation at 400×G prior to being rinsed and resuspended in dechlorinated tap water (DTW). 49 
Experimental environment

50
The standard experimental environment (EE) ( to the other chamber simultaneously in order to prevent fluid transfer resulting from pressure changes.
60
Initial control experiments designed to determine the rate of transfer of both inanimate microparticulates 61 and P. caudatum cells between each chamber were designed as follows. For P. caudatum experiments, 62 approximately 25 cells were transferred to chamber A in 100 µl of DTW. The EEs were placed on the stage 63 of a stereomicroscope which was focused on chamber B. The sample was kept static for the duration of the 64 experiment and was observed regularly every 4-6 hours. The microscope's halogen lamp was switched off in 65 between observations and the entire setup was exposed to a day/night cycle whilst being kept out of direct 66 sunlight.
67
Experiments examining particulate diffusion were conducted as above but the EEs had a concentrated 68 amount of exogenous particles added to chamber A rather than cells. Two varieties of particulate were 69 added:
70
• 2.0 µm diameter carboxylate-modified latex microspheres labelled with fluorescein (Sigma Aldrich,
71
Germany) (hereafter, FLPs, 'fluorescent latex particles'). 100 µl of stock solution (2.5% solids, approx. 
7.2×10
9 particles per ml) was added to give a total concentration for chamber A of 0.125% solids w/v 73 (approx. 7.20×10 8 particles).
74
• 200 nm diameter multi-core magnetite (iron II/III oxide) nanoparticles, prepared with a hydrody-75 namic starch coating (Chemicell, Germany) (hereafter, MNPs, 'magnetite nanoparticles'). 100 µl of 76 stock solution (25 mg/ml) was added to give a total concentration for chamber A of 1.25 mg/ml
77
(approximately 2.75×10 11 particles). and MNPs were added to chamber B; following the successful migration of cells to chamber B, they were 114 checked for the presence of both varieties of particle. organisms' migration sufficiently to manually collect them in 2.5 µl of media using a micropipette. This step 133 was essential in order to ensure that no extracellular particulates were transferred into the fresh medium.
134
Five cultures were run in parallel such that one could be examined each hour for 4 hours and the final one 
Deposition
139
The following 'deposition' experiments were designed to demonstrate the principle that P. around three sides of the cuvette (Fig. 2b) , also served to mount two filters and a light dependent resistor
172
(LDR) at a 90 o angle to the light path ( Fig. 2d-e) . The filters used were an excitation bandpass filter (i.e.
173
between the light source and sample) and an emission notch filter (between sample and detector); inspired 174 by Ref.
[34], we used low-cost photography lighting gels as filters.
175
The light intensity was measured by the LDR, using a voltage divider with a resistor (10 kΩ in this 176 instance), with the output of the voltage divider read by an analogue pin on the Arduino microcontroller.
177
The on-board 10-bit ADC converted the analogue signal into a digital value which was sent to the PC via 178 serial monitor USB link. The system is illustrated in Fig. 2 ; (c) system schematic, (f) wiring diagram, (g) 179 partially-assembled.
180
The operation cycle of the spectrometer was as follows: the LED is switched on for 1 second and the LDR reading.
185
The spectrometer was always operated inside an opaque box in order to eliminate interference by ambient 186 light. Initial device evaluation was performed on graduated series of FLPs, inside a single cuvette.
187
Further experiments were performed with the spectrometer in situ on chamber A of EEs following 
Results
196
Suitability of experimental environment
197
In initial control experiments, it was found that the organisms did not migrate to chamber B within, at Furthermore, cells that were exposed to FLPs and MNPs simultaneously were observed to have ingested 212 quantities of both (Fig. 3) , indicating the P. caudatum may be loaded with multiple particle types for 
Controlled retention and release
224
Extracellular FLPs were not identified in culture media until at least 24 hours had elapsed. Furthermore, Information 3 for calibration dataset). A calibration curve for the spectrometer is shown in Fig. 6a and   243 shows that the sensor's response was not linear, possibly due to the sensor beginning to saturate at higher 244 concentrations of FLPs.
245
The spectrometer was less sensitive with regards to detecting cells loaded with FLPs but was able to 246 detect a minimum of 200 cells per ml (i.e. approximately 400 organisms total) (Fig. 2b) . Cells that 247 9 were examined post experiment revealed that the number of particles contained within each cell was highly 248 variable, but was on average 161 (standard deviation 86, range 48-345) per cell ( Fig. 7 ) (see Supplementary
249
Information 3 for dataset). coating is therefore an attractive route towards increasing the rate of transport operations.
261
Galvanorepulsion was found to be a quick and effective method for controlling P. caudatum migration,
262
but it suffered drawbacks stemming from the issues associated with passing a current through highly resistive Furthermore, fixation precludes the use of fluroescence spectrometry after the deposition stage due aldehyde 272 exposure inducing autofluorescence in biological tissues.
273
Regarding device programmability, whilst we demonstrated that the use of multimodal input is sufficient 274 to complete several operations in one device, there is little room for continuous reprogramming or cascading
275
of operations due to several processes (chemoattraction, deposition via killing the cells) being undynamic.
276
Future work focusing on more dynamic stimuli, such as light, may therefore be productive.
277
The spectrometer was found to detect FLPs in minimum concentrations of approximately 50,000 and likely contribute to the discrepancy between calibration and experimental results.
287
Based on microscopic observations, we estimated the average mass transfer of FLPs by a P. caudatum 288 cell to be about 14 mg/hour (0.68 g in 6 hours by 1000 cells in 4 ml total fluid volume) over a 5 mm distance,
289
although this value is subject to significant error due to the variation in particle quantities ingested between 290 organisms. Our other results indicate that this rate may be significantly increased if the particulates are 291 made more 'palatable' for the cells. was significantly cheaper than all commercially-available spectrometers we found via an internet search.
296
Adaptations such as introduction of a second LED/filter set and optimising LDRs to specific wavelengths 297 would be cheap and could increase the sensitivity and range of uses for these devices. We conceive the principle applications of cilia-mediated particle manipulation devices such as these The approximate mass of a single latex particle was calculated by the mean volume of a 2 µm latex 337 sphere multiplied by the manufacturer-specified density, is shown in equation A.2. operation, over 6 hours (as per the experiment detailed in section 1.5). This equates to an estimated total 341 mass transfer of 0.68 g (0.20-1.44 g) for the maximum cell densities that were tested (1000 in 2 ml).
